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Summary
African elephants (Loxodonta africana) produce a broad diversity of sounds ranging from infrasonic rumbles to
much higher frequency trumpets. Trumpet calls are very loud voiced signals given by highly aroused elephants,
and appear to be produced by a forceful expulsion of air through the trunk. Some trumpet calls have a very
distinctive quality that is unique in the animal kingdom, but resemble the “brassy” sounds that can be produced
with brass musical instruments such as trumpets or trombones.
Brassy musical sounds are characterised by a ﬂat spectral slope caused by the nonlinear propagation of the source
wave as it travels through the long bore of the instrument. The extent of this phenomenon, which normally occurs
at high intensity levels (e.g. fortissimo), depends on the fundamental frequency (F0) of the source as well as on
the length of the resonating tube.
Interestingly, the length of the vocal tract of the elephant (as measured from the vocal folds to the end of the
trunk) approximates the critical length for shockwave formation, given the fundamental frequency and intensity
of trumpet calls. We suggest that this phenomenon could explain the unique, distinctive brassy quality of elephant
trumpet calls.
PACS no. 43.80.Ka
1. Introduction
Vocal communication in African elephants has received
considerable attention in recent years (see [1] and [2] for
recent reviews), leading to substantial advances in our
knowledge of this iconic species’ vocal repertoire, includ-
ing a better understanding of the mechanisms of produc-
tion of the calls [3, 4, 5, 6], their acoustic variability
[3, 7, 2] and their function [8, 3, 7]. The vocal repertoire
of the African elephant (Loxodonta africana) consists of
several acoustically distinct call types, characterised by
distinct combinations of duration, fundamental frequency,
and resonance frequencies, pointing to distinct modes of
production. Rumbles, the most common calls, have re-
ceived much attention [3, 2, 4]. Rumbles are characterised
by an extremely low fundamental frequency (approx. 16–
18Hz [3]) which directly reﬂects the extraordinary size of
the elephant vocal folds [4]. Additionally, investigations
of the resonance frequencies of rumbles indicate that the
trunk is involved in addition to the oral cavity in shaping
the spectral envelope of most, but not all, calls [3, 6]. Rum-
bles have been shown to encode information on individual
identity [3], supporting the complex social recognition of
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large number of conspeciﬁcs [9, 8], over distances up to
several kilometres [3].
At the other end of the fundamental frequency range, the
trumpet call is also very distinctive. Trumpets are given
by young and adult animals in a wide range of contexts,
but typically when they are highly aroused [10] and the
quality of the calls varies with the context [10, 1, 2].
Yet trumpet calls have received considerably less atten-
tion than rumbles, and the production mechanisms under-
lying their acoustic variation are much less well under-
stood. Trumpets are loud, higher frequency sounds, that
are assumed to be produced by a forceful expulsion of
air through the trunk. In most mammals, including hu-
mans, the vocal apparatus comprises the lungs, the tra-
chea, the larynx, the pharynx, and the nasal and oral cavi-
ties. According to the source-ﬁlter theory of voice produc-
tion ([11, 12, 13], see [14] for a review of its application
to nonhuman mammals), most voiced vocalizations result
from a two-step production process. At the level of the lar-
ynx the sound source corresponds to the modulation of the
airﬂow generated by the vocal folds, whose vibration de-
termines the fundamental frequency (F0) of the vocaliza-
tion. This source signal subsequently travels through the
supra-laryngeal cavities of the vocal tract that act as a ﬁlter,
adding ’formants’ to the spectral envelope of the radiated
vocalization. A key assumption of the original source-ﬁlter
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theory of voice production is that the source and the ﬁlter
are independent, with no feedback of the vocal tract res-
onance on the vibratory regimes of the vocal folds, and a
linear propagation of the signal through the ﬁlter element
[11].
The production of elephant rumbles appears to follows
the source-ﬁlter theory and linear acoustics: very large vo-
cal folds (e.g. 10.4 cm [4]) are predicted to produce a pro-
portionally low F0 (18.4Hz, [4]), and the exceptionally
long vocal tract (composed of the oral cavity and the trunk,
for a total length estimated between 2.5 and 3.2 m [1, 3, 4])
accounts for the extremely low vocal tract resonances mea-
sured in these calls [3, 1]. Explaining the production of the
trumpet call is much more challenging: not only is the very
high F0 rather incompatible with the dimensions of the
vocal folds (having led to the suggestion that a secondary
source may be involved [1]), but the unusual brassy quality
of the radiated signals is rather unique among vertebrate
vocalisations.
The origin of the name of the call reﬂects its quality:
most elephant ’trumpet’ calls sound very similar to the
sounds produced by brass instruments such as trumpets or
trombones, especially when they are played in a “brassy”
mode. Such brassy sounds, typically played at high in-
tensity levels, have strong upper harmonics as a conse-
quence of the cumulative eﬀect of nonlinear propagation
along the long internal bore of the instrument [15] result-
ing in a steepening of the soundwave [16]. A key parame-
ter for predicting the severity of this nonlinear steepening
is the critical shock length distance [15] associated with
the proﬁle of the initial source signal (F0, amplitude and
wave shape). When the length of the bore approaches this
critical value, as is the case in brass instruments played
at fortissimo level, the strong distortion of waves during
their propagation inside the bore aﬀects the spectral con-
tent of the radiated signal, conferring its distinctive brassy
quality [17]. The exceptional length of the elephant’s trunk
opens up the possibility that the nonlinear steepening ef-
fect might be signiﬁcant during elephant trumpeting, as in
brass instruments. Note that nonlinear propagation can be
taken into account to explain subtle eﬀects at intermediate
dynamic levels in brass instruments [18].
Here we discuss this hypothesis by drawing a parallel
between the production of brassy sounds in musical in-
struments and the production of trumpet calls in elephants.
First we brieﬂy review the physics of nonlinear acousti-
cal propagation at the origin of the production of brassy
sounds in musical instruments; second we discuss the pos-
sible relevance of nonlinear propagation to the production
and resulting acoustics of elephant trumpet calls.
2. Nonlinear propagation in tubes
Most phenomena involving the propagation of audible
acoustic waves in tubes are concerned with smallampli-
tude disturbances, where nonlinear eﬀects are typically of
minor signiﬁcance. In this context the basic equations of
ﬂuid ﬂow can be linearised into the simpler time-domain
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Figure 1. (a) Relative pressure amplitude of harmonic compo-
nents (harm 1, harm 2 etc.) as a function of the relative distance
of propagation x/x
s
(varying from 0 to 5) for a wave generated
by a monofrequency source (at x = 0). The graph represents the
dimensionless ratio of the ﬁrst ﬁve Fourier coeﬃcients Pn (cor-
responding to the ﬁrst ﬁve harmonics of the propagating signal)
over the value of the pressure amplitude P1 at x = 0 (corre-
sponding to the amplitude of the original pure sinusoid source),
plotted against the dimensionless propagation distance x/x
s
for
a weakly dissipative ﬂuid. (b) A period of the relative pressure
signal as a function of dimensionless time. The graph represents
four signals: the original pure sinusoid source (at x/x
s
= 0), and
the signal at x/x
s
= 1, 2, and 4.
wave equation [19]. There are, however, situations when
small nonlinear terms in the equations can lead to novel
and substantial phenomena. One such example is the phe-
nomenon of wave distortion along propagation in tubes,
which, in extreme cases (achieved in long tubes approach-
ing a critical distance) can lead to the formation of shock-
waves. Indeed, due to the increase in the speed of sound
with temperature and convective eﬀects, the top of the
compression side of the wave tends to catch up with the
foot of the wave, leading to the formation of the shock-
wave ([19], illustrated in Figure 1). If we consider the fric-
tionless, simple wave propagation of a source pressure (at
x = 0) along a pipe of uniform cross section and with
with perfectly rigid walls, the critical distance x
s
around
which shockwave will be formed can be predicted by the
following equation (based on the classical method of char-
735
ACTA ACUSTICA UNITED WITH ACUSTICA Gilbert et al.: Brassiness of elephant trumpet calls?
Vol. 100 (2014)
acteristics [19]):
x
s
=
2γP
at
c
(γ+1)
?
∂p
m
/∂t
?
max
, (1)
where γ = 1.4 is the Poisson constant, P
at
is the atmo-
spheric pressure, c is the speed of sound in the air, p
m
is
the acoustic pressure at the source (x = 0), and the term
(∂p
m
/∂t)
max
is the maximum value of the derivative of the
acoustic pressure over a period.
Comparing the geometrical length L of the tube to the
critical distance x
s
allows us to predict if nonlinear prop-
agation eﬀects are likely to be relevant [15]. If L is much
shorter than x
s
, the linear theory of acoustic propagation is
suﬃcient. However, if L approaches or surpasses x
s
non-
linear propagation must be considered.
Figure 1 (adapted from Gilbert et al. [20]) illustrates
how the steepening of the wave in the time domain (Fig-
ure 1a) is represented by the ’harmonic cascade’ phe-
nomenon in the frequency domain (Figure 1b). As the
wave moves away from a sinusoidal proﬁle towards a dis-
torted, saw-tooth proﬁle, the energy from the fundamen-
tal (harm 1) is redistributed towards the upper harmonics
(harm 2, harm 3 etc.). The relative distribution of energy
between the harmonics (harm 1, harm 2 etc.) changes as a
function of the ratio of the propagation distance (x) over
the critical distance x
s
. For small values of x/x
s
, the am-
plitude P1 of the fundamental decreases as energy is trans-
ferred to higher harmonics. When x/x
s
approaches 1, the
amplitude P2, P3 etc. of the upper harmonics increases
dramatically as a shock wave is formed. While the shock
wave phenomenon persists for a range of higher x/x
s
ra-
tios, its amplitude decreases slowly (remaining signiﬁcant
for x/x
s
ratios of at least 5, as illustrated on Figure 1a
and 1b). Due to wall and volumic losses, the phenomenon
is reversed as x/x
s
further increases: the amplitudes Pn
decrease and the proﬁle of the wave tends back towards a
sinus for very long tubes characterised by very high values
of x/x
s
.
This harmonic cascade phenomenon, which takes place
during propagation inside the tube, aﬀects the spectral
composition of the radiated sound by shifting energy to-
wards the upper harmonics and modiﬁes the perceived
tone colour of the signal. As explained above, this phe-
nomenon is at the basis of the production of brassy sounds
in brass instruments: the brightness of the sound gener-
ated at high dynamic level is mainly due to the nonlinear-
ity of the wave propagation in the pipe [15]. While, in-
dependently of its amplitude, the source signal produced
at the mouthpiece is rather sinusoidal (with a weak har-
monic content [21] its nonlinear propagation along the
tube results in a distorted wave with high, broadband har-
monic content. This phenomenon is illustrated in Figure 2,
which contrasts spectrograms of two signals obtained from
a 3m long hose-pipe ﬁtted with a trombone mouthpiece.
The ﬁrst spectrogram corresponds to a non-brassy sound
achieved by playing softly, and the second spectrogram
corresponds to a brassy sound achieved by playing loudly.
In the ﬁrst signal (Figure 2a), because the low intensity
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Figure 2. Spectrograms of four sounds produced with a 3m hose
pipe. (a) and (b) are lower amplitude, “non-brassy” sounds pro-
duced with a low intensity source, and not involving nonlinear
propagation. (c) and (d) are higher amplitude, “brassy” sounds
produced with a high (increasing) intensity source, and involving
nonlinear propagation. Note the redistribution of acoustic energy
towards the higher harmonics. All sounds have been normalised
to 100% to highlight the relative energy distribution across the
frequency domain. Sounds were recorded using a Zoom H4N
digital recorded (44.1kH, 16bits, uncompressed format), at a dis-
tance of 1m). The dynamic range of the spectrogram is 30 dB.
of the source wave (produced by the vibrating lips at the
mouthpiece) implies a critical distance x
s
much longer
than the hose pipe (equation 1), there is no noticeable
nonlinear propagation eﬀect in the tube. Consequently, the
spectral envelope of the radiated signal is driven by the
spectral content of the source and unaﬀected by nonlin-
ear distortion, and the sound is characterised by relatively
strong lower harmonics, and a relatively “ﬂuty” quality. In
contrast, in the second signal (Figure 2b), the high inten-
sity of the source wave implies a critical distance compa-
rable to the length of the hose pipe. The strong nonlinear
propagation in the tube dramatically distorts the signal and
reduces the spectral slope of the radiated signal: the sound
is characterised by relatively strong higher harmonics, and
a strong “brassy” quality.
3. Acoustic analyses of Elephant trumpet
sounds
We recorded 28 trumpet calls from one 20 year-old fe-
male African elephant at the Zoo de Beauval (Saint- Aig-
nan, France), with a Zoom H4N recorder. Naturally oc-
curring calls were recorded at feeding time, without inter-
acting with the animal. Calls were recorded in stereo at
a 44.1kHz sampling rate with 32 bit resolution and saved
in uncompressedWAV format. Narrow-band spectrograms
were produced using PRAAT 5.3.59 [22], using a view
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Figure 3. Spectrograms of four trumpet calls recorded from a
female African elephant. (a) and (b) are lower amplitude, “non-
brassy” trumpet calls probably not involving nonlinear propaga-
tion. (c) and (d) are higher amplitude, “brassy” trumpet calls
probably involving nonlinear propagation. Note the redistribu-
tion of acoustic energy towards the higher harmonics. All calls
have been normalised to 100% to highlight the relative energy
distribution across the frequency domain. Brassy calls were typ-
ically characterised by higher SPL than ’tonal’ calls. The “tonal”
trumpet calls have F0s of (a): 290Hz and (b): 262Hz, while the
brassy calls have F0s of (c): 352Hz and (d): 335Hz. The dy-
namic range of the spectrogram is 30 dB.
range of 0-10kHz and a window length of 0.1s. Of these
28 calls, 13 had a relatively tonal quality, 13 had a typical
brassy quality (assessed perceptually, see representative
spectrograms in Figure 3), and two contained both tonal
and brassy sections. While the amplitude of the calls was
not systematically measured, when both call types were
recorded in the same sequence, brassy trumpets typically
had a higher amplitude than non-brassy trumpets.
The mean fundamental frequency (measured using the
pulse detection algorithm implemented in the “voice re-
port” function in PRAAT) averaged 355.5Hz across the
28 calls, a value comparable to that published in studies of
African elephant trumpets (300Hz: [1]). One of the brassy
calls had a very noisy quality and an exceptionally high F0
(660Hz). The fundamental frequency of the tonal trum-
pets (337.4Hz) was signiﬁcantly lower than that of the
brassy trumpets (382.6Hz) t
22
= 2.96, P < 0.007.
As discussed above, a key factor for evaluating the rel-
evance of nonlinear propagation is to estimate the critical
distance x
s
(equation 1) at which it is likely to occur given
a F0. For this, we need to estimate the amplitude of the
glottal source p
m
(t) at the entrance of the resonator. Since
data from excised larynx experiments is only available for
low frequency vibratory regimes characteristic of rumbles
and observed in the absence of a vocal tract [4], and be-
cause it is not possible to measure p
m
(t) during trumpet-
ing in a live elephant, we must rely on a rough estimate of
p
m
(t) obtained from the measured radiated pressure p
rad
(t).
Approximating the nostrils’ opening as a monopole
source, its volume ﬂow Q
out
is estimated from the follow-
ing equation (see for example [23]):
p
rad
=
ρ
4πd
j2πF0Q
out
. (2)
Assuming a plane travelling wave inside the trunk, the
acoustic pressure amplitude P can be derived from
P =
ρc
S
Q
out
, (3)
where S is the nostril area in cm
2
.
Using a F0 of 382Hz (corresponding to the average
F0 in the brassy calls of the elephant), an estimated nos-
tril area of S = 25 cm
2
(2 nostrils with a 4 cm diameter,
Roland Frey, pers. comm.), and an amplitude of ∼6 Pa
(110 dB SPL, measured from one trumpet call recorded
at 3m by JG), P is estimated at ∼13500 Pa, and applying
equation (1), the deduced critical distance x
s
is ∼1.25m.
This critical distance indicates that, for the amplitude and
F0 speciﬁed above, nonlinear propagation is likely to sub-
stantial for tubes from 1m up to at least 6m. This range is
compatible with the unusual length of the elephant vocal
tract (oral cavity and trunk) in this species, suggesting that
nonlinear distortion during propagation inside the trunk is
highly likely in high intensity trumpet calls.
This study does not claim to provide proof that nonlin-
ear propagation is involved in the production of trumpet
calls by elephants, but rather to show that the phenomenon
is compatible with the dimensions of the elephant vocal
tract (assuming that the sound source is located upstream
from the trunk) and with acoustic characteristics of the
calls: brass instruments and elephants share a key charac-
teristic: a very long, tubular resonator favourable to non-
linear propagation, and both can produce high amplitude
sounds characterised by a rich harmonic structure and a
distinctive “brassy” quality. In fact, skilled trombone play-
ers can produce highly realistic elephant trumpet calls. Fi-
nally, it is important to note that other non-linear phenom-
ena evidenced in studies of human voice production (re-
viewed in Herbst et al., in press) may generalize to vocal
production in elephants and partially contribute to the ob-
served increase of upper harmonics in the radiated sound.
An increase in subglottal pressure in voice production or
mouth pressure in wind instruments is likely to increase
the duration of the closed phase of vocal fold vibration,
with more abrupt vocal fold collisions and separations in-
ducing more abrupt cessation and acceleration of glottal
airﬂow. Moreover, interactions between the vocal tract and
the sound source, where the positive reactance of the vocal
tract caused by the inertance of the air column can inﬂu-
ence also the wave shape of the glottal air pulse (especially
in elephant trumpet calls where F0 is likely to be above the
ﬁrst vocal tract resonance, see [24, 25]). Finally, the nar-
rowing of supralaryngeal structures may cause skewing of
the glottal ﬂow pulse [26].
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Further work is now clearly needed to locate the glottal
source in elephant trumpeting, and if the laryngeal vocal
folds are involved to explain how such large folds can pro-
duce a relatively high F0. Moreover, further work is also
warranted to systematically measure the amplitude and
frequency characteristics in calls from a suﬃcient num-
ber of elephants in order to compare the covariation of
acoustic parameters in vocalisations with that predicted
by the models of production outlined above. Finally, the
relevance of nonlinear propagation should also be consid-
ered in other species producing high intensity, high pitched
calls and possessing relatively unusually vocal tract, in-
cluding birds with long tracheas such e.g. geese (Anser
sp.) trumpeter swans (Cygnus buccinator).
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